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ABSTRACT

The Dnmt3L protein belongs to the Dnmt3 family of
DNA methyltransferases by virtue of its sequence
homology in the plant homeodomain (PHD)-like
motif. Dnmt3L is essential for the establishment of
maternal genomic imprints and, given its lack of key
methyltransferase motifs, is more likely to act as a
regulator of methylation rather than as an enzyme
that methylates DNA. Here, we show that Dnmt3L,
like Dnmt3a and Dnmt3b, interacts both in vitro
and in vivo with the histone deacetylase HDAC1.
Consistent with the binding to a deacetylase,
Dnmt3L puri®es histone deacetylase activity from
nuclear extracts. We ®nd that Dnmt3L can repress
transcription and that this repression is dependent
on HDAC1 and is relieved by treatment with the
HDAC inhibitor trichostatin A. Binding of Dnmt3L to
HDAC1 as well as its repressive function require the
PHD-like motif. Our results indicate that Dnmt3L
plays a role in transcriptional regulation and that
recruitment of the HDAC repressive machinery is a
shared and conserved feature of the Dnmt3 family.
The fact that, despite the absence of a methyl-
transferase domain, Dnmt3L retains the capacity
to contact deacetylase further substantiates the
notion that the Dnmts can repress transcription
independently of their methylating activities.

INTRODUCTION

Methylation of cytosines within the CpG dinucleotide is
essential for mammalian development and is associated with
gene silencing (1,2). Transcriptional repression by DNA
methylation plays a key role in several biological processes
such as X-chromosome inactivation, genomic imprinting, the
suppression of parasitic DNA sequences and tissue-speci®c
gene expression (3±5). It is also becoming increasingly clear

that alterations in DNA methylation contribute to tumori-
genesis (6).

Methylation of CpG sites is established by the DNA
methyltransferasesÐthe Dnmts. The ®rst isolated DNA
methyltransferase, Dnmt1, has a high af®nity for hemimethyl-
ated DNA substrates and is targeted to replication foci (7,8).
Given these features, the primary function of Dnmt1 is thought
to be its ability to function as a `maintenance' methyltransfer-
ase, restoring the pre-existing methylation patterns during
DNA replication. It is possible, however, that Dnmt1 also
possesses de novo methyltransferase functions (9). Disruption
of Dnmt1 in mice results in embryonic lethality (10). Besides
Dnmt1, another set of DNA methyltransferases has recently
been discovered, namely Dnmt3a and Dnmt3b, which are the
founders of the Dnmt3 family of methyltransferases (11). As
with Dnmt1, they can be divided at the sequence level into two
domains, a C-terminal catalytic domain responsible for the
methylation of DNA, and an N-terminal regulatory domain.
The N-terminal non-catalytic portions of Dnmt3a and Dnmt3b
show no strong sequence similarity to each other apart from a
cysteine-rich motif, termed the plant homeodomain (PHD),
present in many chromatin-associated proteins (12). In
particular, the cysteine-rich region of Dnmt3a and Dnmt3b
is most closely related to the imperfect PHD, or PHD-like,
motif found in ATRX, a putative ATPase of the SNF2 family
(13). Mice that lack Dnmt3a or Dnmt3b have been generated
and reveal that these proteins are essential for de novo
methylation and mammalian development (14). From this
study as well as others (15), Dnmt3a and Dnmt3b have clearly
been established as de novo methyltransferases. However, the
possibility that they also act as `maintenance' methyltrans-
ferases cannot be excluded (16).

Recent advances have begun to shed light on the mechan-
isms by which the Dnmts repress transcription. They can
recruit the histone deacetylase (HDAC) repressive machinery,
which removes acetyl groups from histones resulting in gene
silencing (17±21). The N-terminal non-catalytic portion of the
Dnmts mediates the association with HDAC and, intriguingly,
the Dnmt enzymatic activity was found to be dispensable for
transcriptional silencing (18,21). These observations suggest
the attractive possibility that the Dnmts may have additional
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roles in the cell beyond their ability to methylate CpG
dinucleotides. Recently, Dnmt3L, a novel isolated gene, has
been placed in the Dnmt3 family (22) by virtue of its strong
sequence similarity in the PHD-like ®ngers (see Fig. 1A). In
contrast to the other Dnmts, Dnmt3L lacks most of the
C-terminal catalytic domain and is therefore almost certainly
devoid of intrinsic DNA methyltransferase activity. The
inactivation of Dnmt3L in mice has been reported recently
and it was found that Dnmt3L is required for the establishment
of maternal methylation imprints during oogenesis (23). Given
the lack of methyltransferase domain in Dnmt3L, this study
suggests that Dnmt3L is likely to act as a regulator of imprint
establishment rather than as an enzyme that methylates DNA.

In the present work, we have addressed the mechanisms by
which Dnmt3L functions. Given that the PHD-like motif of
Dnmt3a and Dnmt3b mediates the association with HDAC
(20,21) and that this motif is conserved in Dnmt3L, we
examined whether Dnmt3L can function as a transcriptional
repressor through the recruitment of histone deacetylase. We
now show, both in vitro and in vivo, that Dnmt3L binds the
histone deacetylase HDAC1 and associates with histone
deacetylase activity. We ®nd that Dnmt3L can repress
transcription and that this repression is dependent on
HDAC1 and is sensitive to trichostatin A (TSA) treatment.
Finally, we show that the association of Dnmt3L with HDAC1
and its repressive activity occur through the PHD-like motif.
These data indicate that transcriptional silencing via the
HDAC machinery is a shared and conserved feature within the
Dnmt3 family. Given the lack of methyltransferase domain in
Dnmt3L, this work also further supports the notion that the
Dnmts possess functions other than the ability to methylate
DNA.

MATERIALS AND METHODS

Constructs

For the GAL4 fusion experiments, we cloned full-length
Dnmt3L (residues 1±387) or the PHD-like motif (residues
53±145), or Dnmt3L lacking the PHD-like motif (residues
1±387 D53±145) into the pcDNA3.1 GAL4 vector using PCR.
pcDNA3.1GAL4 has the GAL4 DNA-binding domain (DBD)
(residues 1±147) under the control of a CMV promoter. The
pGEX plasmids with various domains of HDAC1 were
described previously (21). We cloned the PHD-like motif
(residues 53±145) of Dnmt3L or the full-length (residues
1±387) or PHD-like domain-deleted Dnmt3L (residues 1±387
D53±145) into the pGEX4T1 vector (Pharmacia) by PCR
using appropriate sets of primers. pcDNA3HDAC1-F, pING
14A-HDAC1, pGEX-Rb (379±928) and the reporter
construct 4XGAL4-TK-Luc have been described previously
(24,25). We veri®ed all constructs by DNA sequencing.
pcDNA3.1Dnmt3L was a kind gift of U. Aapola (Tampere,
Finland).

Glutathione S-transferase (GST) fusion proteins, in vitro
translations and pull-down assays

We expressed GST and GST fusion proteins in Escherichia
coli TOP 10F (Invitrogen) and proteins from crude bacterial
lysates were puri®ed using glutathione±Sepharose 4B
(Pharmacia) according to the manufacturer's instructions.

In vitro transcription/translation was performed using the TNT
system (Promega). GST pull-down experiments were
performed essentially as described previously (26).

Cell culture, transfections and luciferase assays

Monolayer cultures of U2OS and 293 cells were maintained in
Dulbecco's modi®ed Eagle's medium supplemented with 10%
fetal calf serum at 37°C in 5% CO2 atmosphere.

For transfection assays, 24 h after plating, the exponentially
growing cells were transfected with OptiMEM (Life
Technologies) and polyethylene imine (Euromedex). All
transfections were carried out with the same total amount of
DNA (1 mg). Four hours after transfection, the cells were
washed once in phosphate buffered saline and recovered with
fresh medium. The cells were incubated for an additional 24 h,
in either the presence or the absence of TSA (200 nM; Waco
Bioproducts). After 24 h of incubation, the cells were lysed in
200 ml of hypotonic IPH buffer (27). Supernatants were
clari®ed by centrifugation. Luciferase assays were performed
with the Promega Luciferase Assay System according to the
manufacturer's instructions. Transfection ef®ciencies were
normalized using a cotransfected b-galactosidase plasmid.

Immunoprecipitations and western blot analysis

293 cells were transiently transfected in culture dishes (10 cm
diameter) with 3 mg of each expression vector. Cells were
harvested 24 h post-transfection, lysed in 300 ml of IPH lysis
buffer (27) at 4°C for 30 min and debris removed by
centrifugation. Immunoprecipitations and western blotting
were then carried out as described previously (17). Anti-GAL4
(5C1; Santa Cruz) and anti-Flag (M2; Sigma) antibodies
were used.

GST pull-down and immunoprecipitation of histone
deacetylase activity from cell extracts

Equivalent amounts of GST and GST fusion proteins bound to
glutathione±Sepharose beads were added to 50 ml of HeLa
nuclear extracts (Computer Cell Culture Center, Belgium) in
300 ml of IPH buffer and incubated at 4°C for 2 h. The beads
were washed four times in IPH buffer and assayed for histone
deacetylase activity. We performed HDAC assays essentially
as described previously (24,28) in a volume of 100 ml of IPH
buffer containing 250 000 c.p.m. of tritium-labeled acetylated
H4 peptide. For HDAC assays from transfected cells, 293
were transiently transfected as described above with an equal
amount of expression plasmids (14 mg for a plate of 14 cm
diameter). Cell extracts were immmunoprecipitated with 2 mg
of anti-GAL4 antibody (5C1; Santa Cruz) and incubated with
50 ml of HeLa nuclear extracts. After six washes with IPH
buffer, the immune complexes were tested for histone
deacetylase activity.

RESULTS

Dnmt3L interacts with the histone deacetylase HDAC1
using its PHD-like motif

The de novo methyltransferases Dnmt3a and Dnmt3b have
recently been reported to associate with the histone deacetyl-
ase HDAC1 using their conserved PHD-like motif (21). Given
that Dnmt3L shows strong homology with the PHD-like motif
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of Dnmt3a and Dnmt3b (Fig. 1A), we set out to establish
whether Dnmt3L associates with HDAC1. To test this
possibility, we ®rst performed in vitro GST pull-down assays
using full-length Dnmt3L (residues 1±387) fused to GST and
incubated with in vitro translated (IVT) 35S-labeled HDAC1.
As shown in Figure 1B, GST-Dnmt3L 1±387 pulled down
radiolabeled HDAC1 (lane 3) whereas GST alone did not (lane
2). As depicted in Figure 1B (lane 5), a mutated version of full-
length Dnmt3L in which its PHD-like motif was deleted
(GST-Dnmt3L 1±387 D53±145) failed to bind with HDAC1.
Consistent with this observation, a GST Dnmt3L fusion that
contains only the PHD-like motif (GST-Dnmt3L 53±145)
pulled down HDAC1 (Fig. 1B, lane 4). Thus, the conserved

PHD-like motif of Dnmt3L (residues 53±145) is required for
the association with radiolabeled HDAC1.

We next wished to determine which part of HDAC1
mediated the observed in vitro association with Dnmt3L. To
this end, various fragments of HDAC1 were fused to GST
(Fig. 1C) and incubated with IVT full-length Dnmt3L.
Figure 1C shows that two non-overlapping N-terminal regions
of HDAC1 (residues 1±120 and 150±242) mediate the binding
with Dnmt3L.

To further validate the interaction between Dnmt3L and
HDAC1, we performed co-immunoprecipitation analyses
from mammalian 293 cells co-transfected with GAL4-tagged
full-length Dnmt3L (GAL4-Dnmt3L 1±387) and Flag-tagged

Figure 1. Dnmt3L interacts with HDAC1 in vitro. (A) Schematic representation of the Dnmt3 family members. The conserved N-terminal cysteine-rich
region, the PHD-like motif, characteristic of the Dnmt3 family is shown. The C-terminal domain is the catalytic methyltransferase domain present in Dnmt3a
and Dnmt3b whereas the key catalytic motifs are absent in Dnmt3L. Numbers indicate amino acid residues. (B) Dnmt3L binds the histone deacetylase
HDAC1 in GST pull-down experiments. Full-length HDAC1 was IVT and 35S-radiolabeled, incubated with equivalent amounts of GST (lane 2), GST fusion
proteins of Dnmt3L 1±387 (full-length; lane 3), residues 53±145 (containing the PHD-like motif; lane 4) or Dnmt3L 1±387 D53±145 (a mutated version that
lacks the PHD-like motif; lane 5). GST 1±387 D53±145 (lane 5) was tested in a separate experiment than the other constructs (lanes 1±4). Molecular weight
in kDa is indicated on the right. The bound IVT HDAC1 is indicated by an arrow on the left. Lane 1, 35S-radiolabeled HDAC1 input (10%). (C) Dnmt3L
binds speci®c regions of HDAC1 in vitro. The upper panel is a schematic representation of the HDAC1 deacetylase with its catalytic domain depicted by a
grey box. The indicated GST±HDAC1 fusions were tested in GST pull-down experiments using IVT full-length Dnmt3L (lower panel, lanes 3±7). Lane 1,
35S-radiolabeled Dnmt3L input (10%).
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full-length HDAC1 (HDAC1-F). The lysed transfected cells
were immunoprecipitated with anti-GAL4 antibody and
western blotted with anti-Flag antibody. Figure 2A shows
that Dnmt3L interacted with HDAC1 (lane 4) whereas no
precipitate was detected after transfection of either HDAC1-F
or GAL4-Dnmt3L 1±387 alone (lanes 2 and 3, respectively).
Similar co-immunoprecipitation experiments were performed

using GAL4-tagged Dnmt3L 53±145, which contains the
PHD-like motif, and Flag-tagged HDAC1. As shown in
Figure 2A (lane 6), Dnmt3L 53±145 co-immunoprecipitated
speci®cally with HDAC1-F. This is consistent with the ®nding
presented in Figure 1B showing that residues 53±145 mediate
the interaction with IVT HDAC1. Taken together, these data
indicate that Dnmt3L speci®cally interacts with HDAC1 both

Figure 2. Dnmt3L co-immunoprecipitates with HDAC1 and puri®es HDAC activity in vitro and in vivo using its PHD-like ®nger. (A) 293 cells were
transiently transfected as indicated (+) with 3 mg of either pcDNA3GAL4 Dnmt3L 1±387 or pcDNA3GAL4 Dnmt3L 53±145 (encompassing the PHD-like
motif), together with 3 mg of pcDNA HDAC1-F (expressing Flag-tagged HDAC1). Whole cell extracts were then precipitated with anti-GAL4 antibody (5C1)
and the presence of HDAC1-F in the immunoprecipitates was visualized by western blot analysis using anti-Flag antibody (M2). HDAC1-F is indicated by an
arrow on the right. (B) Dnmt3L associates with deacetylase activity in vitro. Equivalent amounts of GST (lane 1) or GST fusion proteins (lanes 2±5) were
incubated with HeLa nuclear extracts. After washing, the complexes were tested for histone deacetylase activity. Histone deacetylase activity is given as
radioactivity (c.p.m.) released from an 3H-labeled acetylated histone H4 peptide. GST±Rb fusion protein (lane 5) was used as a positive control for the assay.
The results shown are the average of at least two independent experiments with error bars displaying standard deviations. (C) Dnmt3L puri®es deacetylase
activity from transfected cells. Cells were transiently transfected with equal amounts of the indicated GAL4-tagged constructs. Whole cell extracts were
immunoprecipited with anti-GAL4 antibody. After washing, the immune complexes were tested for histone deacetylase activity. Histone deacetylase activity
is given as radioactivity (c.p.m.) released from an 3H-labeled acetylated histone H4 peptide. We used Gal4±Rb fusion protein as a positive control for the
assay.
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in vitro and in vivo, and that this interaction requires the
conserved PHD-like motif of Dnmt3L.

Dnmt3L associates with HDAC activity

The association of Dnmt3L with HDAC1 led us to expect that
Dnmt3L would be associated with histone deacetylase
activity. To test this, we determined whether a full-length
GST fusion protein of Dnmt3L (residues 1±387) could purify
HDAC activity from HeLa nuclear extracts. Histone deacetyl-
ase activity was assayed by liquid scintillation counting and
measured as [3H]-acetate released from an acetylated H4
peptide. As shown in Figure 2B (lane 2), GST-Dnmt3L 1±387
precipitates deacetylase activity from HeLa nuclear extracts,
whereas GST alone gave only background activity (lane 1).
We used GST fused to the retinoblastoma protein (Rb), a
protein known to associate with deacetylase activity
(24,29,30), as a positive control (Fig. 2B, lane 5). As the
PHD-like domain of Dnmt3L mediates the interaction with
HDAC1 (Figs 1 and 2A), we next asked whether this domain
was required for the association with HDAC activity.
Figure 2B (lane 4) indicates that GST-Dnmt3L lacking the
PHD-like motif (GST-Dnmt3L 1±387 D53±145) resulted in
only background activity. In agreement with the requirement
of the PHD-like ®nger for associated HDAC activity, GST-
Dnmt3L 53±145 puri®ed signi®cant histone deacetylase
activity from HeLa nuclear extracts (Fig. 2B, lane 3).

The association of Dnmt3L with deacetylase activity could
also be observed in vivo. We transiently transfected GAL4-
Dnmt3L 1±387 in 293 cells, followed by immunoprecipitation
with anti-GAL4 antibody. Immunocomplexes were assayed
for histone deacetylase activity. As shown in Figure 2C (lane
2), GAL4-Dnmt3L 1±387 immunocomplexes contained sig-
ni®cant deacetylase activity compared with precipitates
obtained from a control transfection with GAL4 alone
(lane 1). GAL4 Rb, which was used as a positive control for
the assay, precipitated HDAC activity (Fig. 2C, lane 5).
Consistent with the ®nding that the PHD-like motif of Dnmt3L
is required in vitro to associate with deacetylase activity
(Fig. 2C), we ®nd that exogenous expression of GAL4-
Dnmt3L 53±145 precipitated signi®cant amounts of histone
deacetylase activity (Fig. 2C, lane 3), whereas GAL4-Dnmt3L
1±387 D53±145 (that is deleted of the PHD-like motif) gave
only background activity (Fig. 2C, lane 4).

Dnmt3L actively represses transcription through the
PHD-like motif

Dnmt3a and Dnmt3b have been shown to have repressive
capacity using their PHD-like domain (20,21). Since the
conserved PHD-like motif is present in Dnmt3L, we wished to
determine whether Dnmt3L may have repressive potential
and, if so, whether its PHD-like domain is responsible for the
repression. To this end, we used GAL4-Dnmt3L 1±387, which
contains full-length Dnmt3L fused to GAL4 DBD 1±147.
Repressor activity was evaluated by transiently transfecting
increasing amounts of the GAL4 fusion construct into U2OS
osteosarcoma cells together with a reporter plasmid containing
GAL4-binding sites upstream of the viral thymidine kinase
promoter driving expression of a luciferase reporter gene
(4XGAL4-TK-Luc; Fig. 3A). Fold repression was determined
relative to the basal transcriptional activity of the reporter in
the presence of GAL4(DBD) alone. Figure 4C shows that

GAL4-Dnmt3L 1±387 can repress this promoter in a dose-
dependent manner. This repression was speci®c, as a reporter
lacking the GAL4 sites was not affected by GAL4-Dnmt3L
1±387 (data not shown). To address whether the PHD-like
domain of Dnmt3L is responsible for the observed repression,
we co-transfected the high basal reporter plasmid 4XGAL4-
TK-Luc along with GAL4-Dnmt3L 53±145 containing the
PHD-like motif. As presented in Figure 3C, GAL4-Dnmt3L
53±145 inhibited luciferase activity in a dose-dependent
manner.

Dnmt3L-mediated repression is sensitive to TSA and it
co-represses transcription together with HDAC1

Having shown that Dnmt3L can silence transcription using a
minimal transferable repressor domain, we next wished to
investigate the molecular mechanism governing this repres-
sion. HDAC activity has been shown to repress transcription

Figure 3. Dnmt3L represses transcription through its PHD-like motif when
fused to the GAL4 DBD. (A) Schematic representation of the reporter and
the effector constructs used. The reporter construct 4XGAL4-TK-Luc con-
tains four copies of GAL4 sites upstream of the thymidine kinase promoter
driving expression of the luciferase gene. The effectors used are also indi-
cated and consist of GAL4 DBD alone [GAL4(DBD)], GAL4 DBD fused to
either full-length Dnmt3L (residues 1±387) or Dnmt3L PHD (residues
53±145). (B and C) U2OS cells were transiently transfected with 250 ng of
4XGAL4-TK-luc reporter with increasing amounts (50±250 ng) of GAL4-
Dnmt3L 1±387 (B) or GAL4-Dnmt3L 53±145 (C). Whole cell extracts were
used in luciferase assays. The basal activity of the reporter is normalized to
a value of 100%. Transfection ef®ciencies were normalized using b-galacto-
sidase activity. The results are the average of at least four independent
transfections done in duplicate with error bars displaying standard
deviations.
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(31). Since Dnmt3L associates with histone deacetylase
activity and binds HDAC1 via its PHD-like motif (see
above), we evaluated whether Dnmt3L 53±145 and HDAC1
may act together to silence transcription. To this end, we
performed transient transfections in 293 cells using the
reporter plasmid 4XGAL4-TK-Luc. As illustrated in
Figure 4B, expression of a limiting amount of GAL4-
Dnmt3L 53±145 (lane 2) or HDAC1 (lane 3) only slightly
repressed transcription. In contrast, co-transfection of
GAL4-Dnmt3L 53±145 along with HDAC1 provided a
synergistic repressive effect on transcription (Fig. 4B, lane 4).

We next asked whether the repression mediated by GAL4-
Dnmt3L could be relieved by treatment with the speci®c

HDAC inhibitor TSA. As depicted in Figure 4C, the repressive
effect observed with GAL4-Dnmt3L 53±145 on reporter
activity was relieved by the addition of TSA. Collectively,
these data indicate that Dnmt3L contains a transcriptional
repressor domain, encompassing the PHD-like motif, and
requires the histone deacetylase HDAC1 to exert this
repressive effect.

DISCUSSION

Here, we report the ®rst biochemical analysis of Dnmt3L, a
third member of the Dnmt3 family. We show that Dnmt3L
functions as a transcriptional repressor through its ability to

Figure 4. Dnmt3L requires the deacetylase HDAC1 for transcriptional silencing and represses transcription in a TSA-sensitive manner. (A) Schematic repre-
sentation of the reporter and the effector constructs used. The reporter construct 4XGAL4-TK-Luc contains four copies of GAL4 sites upstream of the thymi-
dine kinase promoter driving expression of the luciferase gene. Also indicated are effector constructs expressing only the GAL4 DBD [GAL4(DBD)], the
GAL4 DBD fused to the PHD of Dnmt3L (residues 53±145) and Flag-tagged full-length HDAC1 (HDAC1-F). (B) U2OS cells were transiently transfected
with 250 ng of the 4XGAL4-TK-luc reporter and, as indicated, with 50 ng of GAL4 Dnmt3L 53±145 and/or 500 ng of HDAC1-F. Cells were then harvested
and assayed for luciferase. The basal activity of the reporter is normalised to a value of 100%. Transfection ef®ciencies were normalized using b-galactosidase
activity. The results shown are the average of at least two independent experiments with error bars displaying standard deviations. (C) Dnmt3L-mediated
repression is sensitive to TSA. U2OS cells were transfected with 250 ng of the 5XGAL4-SV40-CAT reporter and 50 ng of GAL4 Dnmt3L 53±145. Sixteen
hours after transfection, cells were treated (lanes 3 and 4) or not (lanes 1 and 2) with the HDAC inhibitor TSA (200 mM). The basal activity of the reporter is
normalised to a value of 100%. Transfection ef®ciencies were normalized using b-galactosidase activity. The results shown are the average of at least two
independent experiments with error bars displaying standard deviations.
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associate with the histone deacetylase HDAC1. We ®nd that
Dnmt3L interacts both in vitro and in vivo with HDAC1 and,
consistent with this, it associates with histone deacetylase
activity. In addition, we demonstrate that Dnmt3L actively
represses transcription and that this repression requires the
recruitment of the histone deacetylase HDAC1 and is sensitive
to the HDAC inhibitor TSA. We and others have recently
reported a close connection between histone deacetylation and
the two Dnmt3 family members Dnmt3a and Dnmt3b (20,21).
Thus, the present study reveals that transcriptional repression
through recruitment of histone deacetylation is a conserved
and shared feature within the Dnmt3 family.

We ®nd that the link between Dnmt3L and deacetylation is
mediated by its conserved PHD-like motif. This cysteine-rich
region shows high sequence similarity among all three Dnmt3
family members. In Dnmt3a and Dnmt3b, the PHD-like motif
also functions as a transcriptional repression domain by
recruiting histone deacetylase (20,21). Thus, together these
data suggest that, within the Dnmt3 family, the conservation
of the PHD-like ®ngers at the sequence level re¯ects a
conservation at the functional level. It is worth noting that the
PHD-like domain found in the Dnmt3 members most closely
resembles a domain found in the ATRX gene that codes for a
putative ATP-dependent chromatin-remodeling factor of the
SNF2 family (13). Mutations in the ATRX gene are the cause
of ATRX syndrome, an a-thalassemia X-linked mental
retardation disease (32). It is interesting to note that the
majority of mutations associated with ATRX syndrome are
found in its PHD-like ®ngers (32), thus highlighting the
biological signi®cance of this domain.

As mentioned above, Dnmt3a and Dnmt3b recruit HDAC to
silence gene expression through their PHD-like motif (20,21).
Recent studies have demonstrated that Dnmt1 also binds to
histone deacetylase through its non-catalytic N-terminal
portion (17±19). Intriguingly, in both instances, the methyl-
transferase activity of the Dnmts seems to be dispensable for
gene silencing. From these observations, a new concept is
beginning to emerge concerning the functional roles of the
Dnmts in that they are multi-faceted proteins with additional
functions other than their capacity to methylate CpG
dinucleotides. Dnmt3L lacks the key catalytic motifs charac-
teristic of DNA methyltransferases and is not likely to
function as an enzyme that methylates CpG sites. Dnmt3L,
however, retains the PHD-like motif characteristic of the
Dnmt3L family. Our ®nding that Dnmt3L can still recruit the
HDAC repressive machinery, despite its lack of a methyl-
transferase domain, further supports the observation that in
some instances the HDAC-associated functions of the Dnmts
may be working independently of their methyltransferase
activity.

Recently, Dnmt3L knock-out mice have been generated by
two groups (23,33). They both found that Dnmt3L+/± embryos
derived from homozygous mutant oocytes show a lack of
maternal genomic imprints, causing genes that are normally
methylated and maternally repressed to lack methylation
marks and to be expressed on both alleles. This indicates that
Dnmt3L is required for the establishment of maternal
methylation imprints during oogenesis. As stated above,
Dnmt3L is most certainly not acting as a DNA methyltrans-
ferase and it is therefore likely that it functions as a regulator
of methylation at imprinted loci. Interestingly, Hata et al. (33)

have recently shown that Dnmt3L interacts with the DNA
methyltransferase Dnmt3a as well as Dnmt3b, and that the
absence of Dnmt3a, like the lack of Dnmt3L, results in the loss
of maternal imprints in mice. Thus, Dnmt3L may act as a co-
factor for the Dnmt3a and Dnmt3b methyltransferases. Our
®nding that Dnmt3L is associated with HDAC activity could
also be relevant to its role as a regulator of maternal imprints.
It is indeed interesting to note that several imprinted genes that
show loss of maternal-speci®c methylation imposed by
Dnmt3L de®ciency, such as Snrpn, have been reported to be
normally regulated by histone deacetylation (34). The
methylated and non-expressed maternal allele of the imprinted
Snrpn gene is found to be underacetylated relative to the
unmethylated paternal allele (34) and treatment of cells with
the HDAC inhibitor TSA results in transcriptional reactivation
of the silent maternal allele (35). Thus, it is tempting to
speculate that the HDAC-associated function of Dnmt3L may
contribute to its role as a regulator of methylation at imprinted
genes. This would imply that histone deacetylation can
in¯uence DNA methylation patterns. This notion is supported
by the observation in the fungus Neurospora crassa that
HDAC inhibition by TSA can induce DNA demethylation
(36). Taken together, a model could be envisaged in which
Dnmt3L would not only act as a co-factor for the Dnmt3a and
Dnmt3b methyltransferases but would also recruit HDAC
activity to maternally imprinted genes. The methyltransferase
and deacetylase activities recruited by Dnmt3L would then act
together to potentiate the repressed state. The targeting of the
Dnmt3L-containing enzymatic activities to the relevant loci is
unlikely to occur through direct binding to DNA, as Dnmt3L
does not contain any obvious DNA-binding domain. It is more
likely that, as was shown for Dnmt1 and Dnmt3a (21,37),
Dnmt3L is recruited to DNA by an as yet unidenti®ed DNA-
binding repressor.

In conclusion, our results further emphazise the close
connection that exists between the Dnmts and histone
deacetylation. All Dnmts identi®ed so far have now been
shown to silence gene expression by contacting histone
deacetylases. The challenge for the future is to understand how
a cell establishes and maintains a transcriptional repressive
state through the use of multiple HDAC activities associated
with the Dnmts.
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